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Abstract 
Micro heat sinks are adopted in electronics cooling together with different technologies to enhance the heat transfer process. To improve 
the cooling performance of heat sink, perforations such as small channels of square and circular cross sections are arranged along with 
stream wise fin’s length. A numerical investigation is conducted in this study for three-dimensional fluid flow and convective heat 
transfer from an array of solid and perforated fins that are mounted on a flat plate. Incompressible air as working fluid is modeled using 
the Navier–Stokes equations and RNG based k-  turbulent model is used to predict turbulent flow parameters. Temperature field inside 
the fins is obtained by solving Fourier law of heat conduction equation. Flow and heat transfer characteristics are presented for Reynolds 
numbers from 2×104 to 3.9 ×104 based on the fin length and Prandtl number is taken as Pr = 0.71. Numerical simulation is validated with 
the published experimental results of the previous investigators and good agreement is observed. Results show that the fins of circular 
perforations have remarkable heat transfer enhancement and reduced pressure drop. The results of this study can help designing micro 
heat sinks for heat removal from electronic devices. 
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
of Mechanical Engineers 
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1. Introduction 
The removal of excessive heat from system components is essential to avoid damaging effects of burning or overheating. 
Therefore, the enhancement of heat transfer is an important subject of thermal engineering.  Extended  surfaces  (fins)  are  
frequently used  in  heat  exchanging  devices  for  the  purpose  of increasing  the  heat  transfer  between  a  primary  
surface and  the  surrounding  fluid. Sahin and Demir, 2008 stated that  heat transfer rate from fins can be improved by 
employing perforations, porosity or slots. They also studied that the heat transfer improvement  may be  achieved  by  either  
of  increasing  the  heat transfer  coefficients,  or  the  heat  transfer  surface  area  or by both. Sparrow et al., 1982 
conducted a numerical study of heat transfer enhancement by introducing strip fins. Due  to  high  demand  for  lightweight,  
compact,  and economical  fins,  the  optimization  of  fin  size  is  of  great importance. Sparrow and Carranco Ortiz, 1982 
experimentally determined heat transfer coefficient on an upstream facing surface that was contained a regular array of 
holes. El-Sayed et al. (2004) investigated experimentally to determine the optimal position of fin array for turbulent heat 
transfer, fluid flow and pressure drop in longitudinal rectangular fin array for three different orientations of tested models: 
(1) parallel flow, (2) impinging flow, and (3) reverse impinging flow in the flow field. Again, according to Fujii et al., 1988, 
heat transfer equipments have been required to be much more compact in size and light in weight because of space 
limitation. While a simple solid baffle plate attached to the duct wall enhances heat transfer, a perforated plate attached to 
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the same duct has a better performance (Molki and Hashemi-Esfahanian, 1992). So far by use of perforated fins, one can 
gain both goals of fin optimization. Dorignac et al., 2005 experimentally determined convective heat transfer on a multi 
perforated plates and proposed an empirical relation for heat exchange at windward surface of a perforated flat plate. 
Heat sink performance can be evaluated by several factors: material, surface area, fin configuration, pumping power and 
fan requirements. To obtain higher performance from a heat sink, more surface area, less weight, and lower cost are 
necessary. Thus, efforts to obtain more optimized designs for heat sinks are needed to achieve high thermal performance. 
Most of the previous studies on pin fins or parallel plate fin heat sinks have considered the geometric configurations of the 
fins such as shape, size or orientations.  Shaeri et al., 2009 compared square perforated pin fin heatsink with solid parallel 
plate fin heat sinks. In our study, circular perforated pin fins are introduced and compared with the other types of heat sinks. 
Pressure drag co-efficient and pressure drop due to perforation are also considered as these parameters are responsible for 
the effective and efficient cooling performance of heat sinks. For this consideration, three-dimensional turbulent fluid flow 
and convective heat transfer around an array of solid and perforated fins are analyzed numerically. Fins having two 
perforations with square and circular cross sections are investigated. These perforations are along the fin and their cross 
section is perpendicular to the fluid flow direction. Boundary conditions, governing equations and computational domain of 
this study are the same as used by Velayati et al., 2005 and Shaeri et al., 2009. 
 
Nomenclature 
A            area                                                                                       ReL       Reynolds number, ( UL)/  
AT         total fin area including perforation                                        Rth        thermal resistance of heat sink 
CP         pressure drag co-efficient                                                       u          fluid velocity at X- direction 
D          fin thickness                                                                           V          fin volume (L×H×D) 
h           convection heat transfer coefficient                                       Vvoid     void volume (L×HP×WP×N)  
HP         perforation height                                                                   v           inlet velocity 
WP        perforation width                                                                    f          fin effectiveness 
L          fin length                                                                                            fluid thermal conductivity 
Nu        average Nusselt number, (hL)/                                                         fluid kinematics viscosity                               
Pr         Prandtl number                                                                                  fluid density                                                                  
3. Problem description 
Typical bluff plate model is shown in Fig. 1. The airflow is considered to be steady and turbulent with constant 
properties. Moreover, air velocities are such that forced convection is dominant for heat transfer mechanism between fins 
and ambient air and in the perforations. Fin material is assumed to be aluminum with thermal conductivity of 160 Wm-1K-1. 
Such fins are widely used for heat removal from heating surfaces. Fins having the length (L), height (H) and thickness (D) 
equal to 24, 12 and 4 mm, respectively are assumed for this study. Each perforation has equal height (HP) and width (WP) of 
to 2.25 mm and their length is equal to the fin’s length.  
        
           (a)                                                                  (b) 
Fig. 1. (a) Computational domain with the perforated fin (b) magnified view of perforation. 
The fin’s length is used as the characteristic length for the Reynolds number. The investigations are made for Reynolds 
number Re= ( vL)/μ in the range of 2×104– 3.9 ×104. This range of Reynolds number covers velocity range of 13m/s – 
25m/s. These velocities are chosen such that the flow inside the perforations should also be turbulent. Due to uniform air 
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flow parallel to the fins and symmetry, computations are made for one fin instead of array of fins. Fig. 1(a) shows the 
computational domain which is similar to the domain used by Velayati et al., 2005 and Shaeri et al., 2009. 
4. Numerical method 
4.1. Physical model 
Physical model and governing equations for the three dimensional steady state incompressible fluid flow and turbulent 
modeling RNG k-  are the same as used by Velayati and Yaghoubi, 2005. For calculation of temperature field in the fin’s 
surfaces and perforation’s walls, conjugate problem of Fourier’s steady state heat conduction equation with convection in 
the fluid are solved simultaneously. The domain used in the present study is illustrated in Fig. 1(a). The plane abcd is inlet 
boundary, where steady flow condition is considered for all variables using uin = u , and Tin = T . Free stream temperature 
is assumed to be 25 0C and the base plane efgh, has a constant heat flux of 4500 w/m2. The rest of the planes i.e. adeh and 
fgil are assumed to be adiabatic. The plane ijkl is considered as exit boundary. For present computation, the effect of 
radiation heat transfer is neglected. It consists of an entrance region, an exit plane and the upper free stream surface that are 
planes abcd, ijkl and bckj, respectively. 
These planes should be sufficiently far from the fin surfaces so that the results become independent of the boundary 
positions. For this reason some tests were performed for obtaining an appropriate distance from the fin surfaces that can be 
found in Velayati and Yaghoubi (2005) and Yaghoubi et al. (2002). In the present study, the length of computational 
domain is chosen 15D upstream, 30D downstream, 7H in Y direction and 3.5D in Z direction. Fig. 2 (a) and 2 (b) show the 
perforated fins having two perforations. The solution must be independent of grids. Several grid configurations are studied 
to ensure that the solutions are grid independent and the test is shown in Fig. 3.  From the figure it is observed that 75000 
mesh elements are sufficient for the numerical simulation. 
    
(a)                                                         (b)     
Fig. 2 (a) Square perforated and (b) circular perforated fins having 2 perforations. 
   
                  (a)                                                                                                             (b) 
Fig. 3. (a) Unstructured finer mesh generation at fin surface (b) Grid sensitivity test for the numerical simulation. 
4.2. Validation  of the  numerical simulation 
To validate the simulation, numerical results for three dimensional solid fins are compared with the published 
experimental results of Jonsson and Moshfegh, 2001. Temperature in the inlet of wind tunnel was 200C. In their experiment 
as shown in Fig. 4(a), fins had length, height and thickness equal to 52.8, 10 and 1.5 mm, respectively, and spaces between 
fins were 5 mm. Also wind tunnel had width and height of 63 and 10 mm, respectively. The base of the heat sink was heated 
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uniformly with 10W. Comparison between present numerical and experimental results is shown in Fig. 4 (b). The Reynolds 
number is based on the hydraulic diameter of wind tunnel according to definition of Jonsson and Moshfegh (2001). The 
numerical predictions of heat transfer using the developed code agree well with the experimental results.  
The thermal resistance can be calculated by the following equation where h is convective co-efficient and A is heat 
transfer surface area: 
                                                                                                                                                        (1) 
 
(a)                                                                             (b) 
Fig. 4. (a) Geometric configurations used for the validation of numerical simulation. (b) Comparison between the published experimental and present 
numerical results. 
5. Results and discussion 
The present analysis of flow field and convection heat transfer for conjugate problem is carried out for ReL= 2×104 to 
3.9× 104, Pr = 0.71. Thermal field in the solid domain is determined by solving conduction equation. The drag force that 
acts on the faces of perforated fins differs with that of acting on the surfaces of solid fin. The drag force has two 
components, one is related to surface shear stress as the friction drag and another is due to a pressure differential in the flow 
direction resulting from wake formation as form or pressure drag.  
 From Fig. 5(a), it can be noted that the solid fins yields the highest Nusselt number among all the fins. Due to 
perforations, some portions of the flow passes through the channels and thus the air velocity reduces. Square perforated fins 
show slightly higher Nusselt Number than that of the circular perforated fins. Fig. 5 (b) illustrates the variation of the 
thermal resistance with the Reynolds number for different geometries. It is found that when the inlet air temperature and the 
heat flux are kept constant, the thermal resistance decreases with increasing the Reynolds number. This is because the heat 
transfer rate increases as the air flow rate increases. Circular perforated fins have slightly higher thermal resistances than 
that of square perforated fins. 
   
(a)                                                                              (b) 
Fig. 5. (a) Nusselt number variation at different Reynolds number (b) Effects of thermal Resistance for different types of fin configurations. 
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The parameter fin effectiveness is used to determine fin performance (Incropera and DeWitt, 1996). Fin effectiveness is 
the ratio of heat transfer from fin to heat transfer from fin base without fin as: 
                                                                                                                                                          (2) 
Where, where b is the average convective heat transfer co-efficient, Ab is the base area, Tb is base temperature, Ts is fin 
surface temperature and q is heat transfer rate and can be obtained by the following equation, 
                                                                                                                                                   (3) 
Fig. 6 (a) presents heat transfer effectivity for different types of heat sinks. Here fins having 2 and 3 perforations are 
considered to understand the fin performance clearly.  Likewise, the effectivity decreases with the increase of Reynolds 
number. From the figure 6(a), one can find that perforated fins have higher heat transfer performance and can exchange 
more heat between primary surface and the ambient air. It is observable that solid fins have the largest average Nusselt 
number in comparison with perforated fins but perforated fins have larger heat transfer area compared with solid fin and by 
increase of perforations, heat transfer area becomes larger. From the figure it is also predicted that fins having square and 
circular perforations have almost same effectivity. 
Fig. 6 (b) shows the variation of pressure drag co-efficient for different geometrical configurations. Due to the higher 
surface force and higher surface roughness, the flow characteristics through the perforated fins is quite high and complex as 
compare to the solid fins.  It can be clearly seen from the figure that the pressure drag co-efficient continues to decrease 
with the increase of Reynolds number. Throughout the range of velocities, soid fins have the highest pressure drag co-
efficient as these fins have maximum frontal surface area. Square perforated fins have higher pressure drag co-efficient than 
circular perforated fins. So, square perforated fins require more power to circulate the coolant than the circular perforated 
fins. Pressure drag co-efficient can be obtained by the following equation where P is the pressure difference between the 
inlet and the frontal surface of fins- 
                                                                                                                                                              (4) 
  
                                                                                     (b) 
Fig. 6. (a) Variation of fin effectivity, (b) Variation of pressure drag co-efficient for different types of fin configurations. 
5. Conclusions 
Thermal performance of perforated and solid fins is numerically investigated in this paper. Generally optimization of fins 
is focused on to maximize heat dissipation rate and to minimize pressure drop for a given mass or volume of the heat sink. 
Perforated fins have higher contact surface with the fluid in comparison with the solid fins. Thus the perforated fins have 
higher effectivity than the solid fins. Again, it is found that though circular and square perforated fins have almost the same 
amount of heat removal rate but circular perforated fins have significantly less pressure drop than that of square perforated 
fins. Hence, fin optimization for practical applications can be achieved by the new types of perforated fins.  
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